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E\WKHDXVWHQLWH'66FDQEHIRXQGLQEULGJHVPDULQHVWUXFWXUHVDQGQXFOHDUDSSOLFDWLRQVZKHUHWKHHQYLURQPHQWDO
FRQGLWLRQVDUHKDUVKRUORQJWHUPVWUXFWXUDOVWDELOLW\LVUHTXLUHG,QWHUQDWLRQDO0RO\EGHQXP$VVRFLDWLRQ)RU
LQVWDQFHLQWKH8.JUDGHLVXVHGIRULQWHUPHGLDWHOHYHOQXFOHDUZDVWHFRQWDLQHUV
7KHZHOGLQJWHFKQLTXHXVHGLQWKHPDQXIDFWXULQJRIWKHVHFRQWDLQHUVUHTXLUHVFDUHIXOFRQVLGHUDWLRQ$QXPEHURI
VWXGLHVHJ6YHQVVRQDQG*UHWRIW(O%DWDKJ\KDYHUHSRUWHGWKDWWKHPLFURVWUXFWXUDOFKDQJHVGXULQJ
ZHOGLQJ DV WKH PDWHULDO PHOWV KDYH D SURIRXQG LPSDFW RQ WKH VWUXFWXUDO SHUIRUPDQFHV 7KH IHUULWH±DXVWHQLWH
WUDQVIRUPDWLRQGXULQJZHOGLQJOHDGLQJWRWKHILQDOSKDVHEDODQFHLVGHSHQGHQWRQWKHPDWHULDOFRPSRVLWLRQDQGWKH
FRROLQJUDWH*UDGHVROLGLILHVSULPDULO\ LQ WKHIXOO\IHUULWLFSKDVHDQG WKLV LV IROORZHGE\ WKH WLPHGHSHQGHQW
IRUPDWLRQRI WKHDXVWHQLWHSKDVH WKURXJKVROLGVWDWH WUDQVIRUPDWLRQ*XQQ :HOGV UHVXOWLQJ LQD ORZIHUULWH
FRQWHQWFDQUHGXFHWKHUHVLVWDQFHWR6&&ZKHUHDVDKLJKIHUULWHFRQWHQW!FDQUHGXFHWKHWRXJKQHVV
DQG WKH UHVLVWDQFH WR SLWWLQJ FRUURVLRQ:LWKLQ WKH UDQJH RI  WR  RI IHUULWH DW WKHZHOG WKHVH GHWULPHQWDO
UHGXFWLRQVLQWRXJKQHVVSLWWLQJUHVLVWDQFHDQG6&&UHVLVWDQFHDUHOHVVVLJQLILFDQW:DONHU	*RRFK
,QUHFHQW\HDUVODVHUZHOGLQJKDVEHHQYLHZHGDVDQDWWUDFWLYHDOWHUQDWLYHWRWKHPRUHWUDGLWLRQDODUFZHOGLQJIRU
'66PDLQO\EHFDXVHRILWVKLJKHUSURFHVVLQJVSHHGDQGLWVYHUVDWLOLW\IRUGLIIHUHQWSURFHVVHVHJFXWWLQJEUD]LQJ
ZHOGLQJDQGVROGHULQJ5HFHQWSURJUHVVLQILEUHODVHUWHFKQRORJ\KDVPDGHLWSRVVLEOHWRFRPELQHJRRGEHDPTXDOLW\
DQG KLJK HQHUJ\ VWDELOLW\4XLQWLQR HW DO  SURGXFLQJZHOGVZLWK VLJQLILFDQWO\ ORZHU KHDW LQSXW WKDQ RWKHU
ZHOGLQJSURFHVV VXFKDV7XQJVWHQ ,QHUW*DV 7,*ZHOGLQJ2WKHUEHQHILWV LQFOXGH ORZHUGLVWRUWLRQ UHGXFHGKHDW
DIIHFWHG]RQH+$=DQGIHZHUZHOGGHIHFWV7KHUHIRUHFRQVLVWHQWZHOGSURILOHVZLWKGHHSURRWSHQHWUDWLRQFDQEH
DFKLHYHGUHVXOWLQJLQQHJOLJLEOHZHOGSRURVLW\9ROOHUWVHQDQG7KRP\,QDGGLWLRQWKHORZKHDWLQSXWGXULQJ
ODVHU ZHOGLQJ SURYLGHV D IXUWKHU DGYDQWDJH IRU JUDGH  LQ WKDW GHWULPHQWDO SUHFLSLWDWLRQ FDQ EH DYRLGHG
$PPDQ7KH FRPPRQ LQGXVWULDO DSSURDFK WR ODVHUZHOGJUDGHXVHV DQ H[SHQVLYH ILOOHUPDWHULDO RYHU
DOOR\HGZLWKQLFNHOLH(57KHUHDVRQIRUXVLQJDILOOHUPDWHULDOGXULQJODVHUZHOGLQJLVWRSUHYHQWXQGHUFXW
LPSURYH JDS EULGJLQJ DQG WRPDLQWDLQ WKH SKDVH EDODQFH RI WKHPDWHULDO +RZHYHU LW DGGV FRVWV WR WKH SURFHVV
LQFUHDVHVLWVFRPSOH[LW\DQGUHGXFHVLWVIOH[LELOLW\
7KLVSDSHU LQYHVWLJDWHV WKHIHDVLELOLW\RI ODVHUZHOGLQJRIJUDGHZLWKRXWXVLQJDILOOHUPDWHULDO$GHWDLOHG
H[SHULPHQWDO LQYHVWLJDWLRQRI WKH UHODWLRQVKLSEHWZHHQ WKHYDULDEOHSURFHVVSDUDPHWHUV LHSRZHUZHOGLQJVSHHG
IRFXVSRVLWLRQDQGVKLHOGLQJJDVDQGWKHUHVXOWLQJZHOGVSURILOHVDQGPLFURVWUXFWXUHIRUJUDGHZDVSHUIRUPHG
([SHULPHQWDOSURJUDPPH
2.1. Approach 
7RH[DPLQHWKHHIIHFWWKDWIRFXVSRVLWLRQSRZHUZHOGLQJVSHHGDQGVKLHOGLQJJDVKDYHRQWKHSKDVHEDODQFHDW
WKHZHOGDWRWDORIWHVWVZHUHFRPSOHWHGLQWKHFXUUHQWVWXG\$VVWDWHGLQVHFWLRQPDLQWDLQLQJWKHSKDVHEDODQFH
WRHQVXUHWKDWIHUULWHVUHPDLQDW±LVFULWLFDOIRUZHOGHG'66LQVWUXFWXUDODSSOLFDWLRQV7KHEHDGRQSODWH
%23WHVWSURFHGXUHZDVFDUULHGRXWRQJUDGHSODWHVZLWKDWKLFNQHVVRIPP3UDFWLFDOH[SHULHQFHDW7:,
KDVVKRZQWKDW%23PHOWUXQFDQEHXVHGDVDUHDVRQDEOHEDVLVIRUWKHRSWLPL]DWLRQRIEXWWZHOGLQJSURFHGXUHV7KH
DLPRIWKLVZRUNZDVWRSURGXFHDIXOOSHQHWUDWLRQZHOGNH\KROHPRGHZLWKHTXDOFRQFHQWUDWLRQVRIWKHIHUULWHDQG
DXVWHQLWHSKDVHV$TXDOLWDWLYHDSSURDFKZDVXVHGWRGHWHUPLQHWKHSURFHVVSDUDPHWHUVLHSRZHUZHOGLQJVSHHG
IRFXVSRVLWLRQWRDFKLHYHDIXOOSHQHWUDWLRQZHOG,QDGGLWLRQD'HVLJQRI([SHULPHQWDSSURDFKZDVXVHGWRTXDQWLI\
WKHLPSDFWRIFKDQJHVLQGLIIHUHQWZHOGSDUDPHWHUVRQWKHPLFURVWUXFWXUH'HVLJQRI([SHULPHQWLVDXVHIXOWRROIRU
RSWLPL]LQJSURFHVVHVDQGKDVEHHQH[WHQVLYHO\XVHGLQRWKHUILHOGV:HLVVPDQDQG$QGHUVRQ
2.2. Material and equipment 
7KH WHVW PDWHULDOV FRQVLVWHG RI '66 JUDGH  SODWHV ZLWK GLPHQVLRQV RI îîPP 7KH FKHPLFDO
FRPSRVLWLRQRIWKHPDWHULDOVZDVDQDO\]HGDQGWKHUHVXOWVSUHVHQWHGLQ7DEOHZHUHLQDFFRUGDQFHZLWKWKHPDWHULDO
VWDQGDUG%6(1
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
7KHODVHUXVHGLQWKHH[SHULPHQWVZDVDQ,3*KLJKEULJKWQHVVPRGHO</6PXOWLPRGH\WWHUELXPGRSHG
<EILEUHFRQWLQXRXVZDYH&:ODVHU,WRSHUDWHGDWDZDYHOHQJWKRIQPDQGZLWKDPD[LPXPSRZHU
RXWSXW RI  N: 7KH EHDPZDV GHOLYHUHG WR WKH ZHOGLQJ KHDG WKURXJK D ILEUH RSWLF FDEOH ZLWK D  P FRUH
GLDPHWHU7KHODVHUZHOGLQJKHDGFRQVLVWHGRIDFROOLPDWLQJDQGDIRFXVLQJXQLWZKLFKKDGOHQVHVRIPP
DQGPPIRFDOOHQJWK)/UHVSHFWLYHO\7KLVRSWLFDOVHWXSOHGWRDWKHRUHWLFDOVSRWVL]HRIP/DVHUSRZHU
DW WKH VDPSOH IDFH ZDV PHDVXUHG XVLQJ DQ 2SKLU SRZHU PHWHU PRGHO .:%% 7KH EHDP LQWHQVLW\
GLVWULEXWLRQZDVPHDVXUHGZLWKD3URPHWHFEHDPSURILOHU PRGHO8)DQG WKHFDXVWLFRI WKH ODVHUEHDPZDV
FKDUDFWHUL]HG
7KH WHPSHUDWXUH FKDQJHV LQ WKH VDPSOHGXULQJZHOGLQJZHUHPHDVXUHGXVLQJ D/XPDVHQVH LQIUDUHGS\URPHWHU
PRGHO,03$&,3(7KHWHPSHUDWXUHUHDGLQJVZHUHWDNHQDWDIL[HGORFDWLRQLHPPIURPWKHVWDUWRIWKH
PPORQJZHOGDWDGLVWDQFHRIPPDZD\IURPWKHKHDWVRXUFH7KHVDPSOLQJLQWHUYDOZDVPVZKLFK
ZDV WKH VKRUWHVW DYDLODEOH 'XH WR KDUGZDUH OLPLWDWLRQV WKH PD[LPXP WHPSHUDWXUH UHFRUGHG ZDV  Û& 7KH
HPLVVLYLW\VHWWLQJZDVVHWDWIRUDOOWHVWV
2.3. Set up 
7KHWHVWDUUDQJHPHQWFRQVLVWHGRIDODVHUSURFHVVLQJKHDGZKLFKZDVPRXQWHGRQDD[LVJDQWU\7KHIRFXVLQJ
OHQVZDVSURWHFWHGIURPSRWHQWLDOGDPDJHFDXVHGE\IXPHVDQGVSDWWHUVXVLQJDQDLUNQLIHDQGDVHPLFRQVXPDEOH
LQIUDUHG WUDQVSDUHQWFRYHUVOLGHEHWZHHQ WKH ORZHUVXUIDFHRI WKHIRFXVLQJ OHQVDQG WKHZRUNSLHFH7KHZHOGFDS
ZDVVKLHOGHGE\DIORZRIQLWURJHQJDVSXULW\RIWKURXJKIRXUPPGLDPHWHUVWDLQOHVVVWHHOWXEHVLQD
SDQSLSHDUUDQJHPHQWDWDUDWHRIƐPLQHDFK7KHSODWHXQGHUEHDGZDVVKLHOGHGDWDUDWHRIƐPLQXVLQJDQ
HIIOX[FKDQQHOLQVHUWLQWKHEDVHRIWKHZHOGLQJMLJ)LJGHSLFWVWKHVHWXS
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,Q D VPDOO QXPEHU RI WULDOV DUJRQ VKLHOGLQJ JDV ZDV XVHG IRU FRPSDULVRQ $OO %23 WULDOV ZHUH SHUIRUPHG
DXWRJHQRXVO\ LQ WKH IODW 3$ SRVLWLRQ DV FRYHUHG E\ ,62 ,PPHGLDWHO\ SULRU WR ODVHU ZHOGLQJ WKH
PDWHULDOVXUIDFHVZHUHFOHDQHGXVLQJ6FRWFK%ULWHDQGWKHQZLSHGXVLQJDFHWRQH
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,QLWLDO%23WULDOVZHUHFDUULHGRXWXVLQJDZHOGLQJVSHHGIURPWRPPLQODVHUSRZHUIURPWRN:DW
IRFXVSRVLWLRQ WR DFKLHYHG IXOO SHQHWUDWLRQ7KLVZDV IROORZHGE\ DGHVLJQHG VHWRI H[SHULPHQWV JHQHUDWHGXVLQJ
6WDW(DVH'HVLJQ([SHUW  VRIWZDUH WRPHDVXUH WKH LPSDFW RIZHOGLQJ VSHHG DQG IRFXV SRVLWLRQ RQ WKH UHVXOWLQJ
SKDVHEDODQFH$ UHVSRQVH VXUIDFHPHWKRGRORJ\ZDVXVHG WRJHQHUDWH WKH VHWRI H[SHULPHQW0\HUVHW DO 
YDU\LQJWKHZHOGLQJVSHHGIURPWRPPLQDQGIRFXVSRVLWLRQIURPWRPP3RLQWFRXQWVWRGHWHUPLQH
WKHSKDVHEDODQFHRIWKHUHVXOWLQJZHOGVDWWKHFDSPLGGOHDQGURRWORFDWLRQZHUHIHGEDFNWRWKHVRIWZDUHDVWKH
UHVSRQVHV
2.4. Metallurgical assessment 
7KHWHPSHUDWXUHRI WKHZHOGVXUIDFHZDVPHDVXUHGXVLQJWKHS\URPHWHUDQGYLVXDOO\VDWLVIDFWRU\VDPSOHVZHUH
VHOHFWHG IRU PHWDOORJUDSK\ H[DPLQDWLRQ DQG [UD\ UDGLRJUDSK\ LPDJLQJ WR GHWHFW DQ\ SRWHQWLDO LQWHUQDO GHIHFWV
6HOHFWHGVDPSOHVZHUHFURVVVHFWLRQHGSROLVKHGDQGWKHQHWFKHGZLWKD.2+SRWDVVLXPK\GUR[LGHVROXWLRQ
IRU SRLQW FRXQW DQG +62 VXOIXULF DFLG VROXWLRQ IRU FURVV VHFWLRQ LPDJLQJ7KHSRLQW FRXQWPHWKRGZDV
FDUULHGRXWLQDFFRUGDQFHWR$670(E\FRXQWLQJILHOGVZLWKDSRLQWJULGDWDPDJQLILFDWLRQRIRQH
WKRXVDQG)RUSRLQWFRXQWLQJWKH.2+HWFKDQWZDVSUHIHUDEOHRYHUVXOIXULFDFLGWRJLYHEHWWHUFRQWUDVWEHWZHHQWKH
IHUULWHDQGDXVWHQLWHSKDVHV
5HVXOWVDQGGLVFXVVLRQ
3.1. Beam characterization 
7KH ODVHUSRZHUGHOLYHUHG WR WKHZRUNSLHFHZDVPHDVXUHGSULRU WRZHOGLQJ WULDOV WRFDOLEUDWH WKH V\VWHP7KH
EHDP SURILOH RI WKH ODVHU ZDV DOVR FKDUDFWHULVHG 7KH EHDP UDGLXV ZDV PHDVXUHG DORQJ WKH GLUHFWLRQ RI OLJKW
SURSDJDWLRQD[LV=JLYLQJWKHFDXVWLFVKRZLQ)LJD)URPWKLVGDWDWKH5D\OHLJKUDQJH=5ZDVIRXQGWREH
PP=5GHVFULEHVWKHGLVWDQFHLWWDNHVDORQJ=D[LVIRUWKHDUHDRIWKHFURVVVHFWLRQWREHGRXEOHGDQGWKHUHIRUH
JLYHVDSUDFWLFDOFKDUDFWHUL]DWLRQRIWKHEHDPGLYHUJHQFH7KHWKUHHGLPHQVLRQDOEHDPVKDSHDWIRFXVLVSUHVHQWHGLQ
)LJE

DE
  
)LJD&DXVWLFRIWKHODVHUEHDPE%HDPVKDSHDWIRFXV

,Q)LJDDERYHU] LV WKHEHDPUDGLXV WDNLQJLQDFFRXQW WKHHGHILQLWLRQLH WKHSRUWLRQRIWKHODVHU
EHDPWKDWFRQWDLQVRIWKHWRWDOEHDPHQHUJ\8VLQJWKLVGHILQLWLRQJLYHVDEHDPGLDPHWHUDWIRFXVSRVLWLRQLH
Ȧ RI  P YHU\ FORVH IURP WKH WKHRUHWLFDO YDOXH RI  P 7KHPHDVXUHG EHDP SURGXFW SDUDPHWHU
%33ZDV IRXQG WR EH PPPUDGZKLFK LV FRPSDWLEOH WR WKH W\SLFDO PPPUDG JLYHQ E\ WKH ODVHU
PDQXIDFWXUHU
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
3.2. Shielding gas 
6KLHOGLQJJDVHVDUHQHFHVVDU\GXULQJZHOGLQJWRSURWHFWWKHPHOWSRROIURPFRQWDPLQDWLRQDQGVXUIDFHR[LGDWLRQ
7ZRGLIIHUHQWJDVHVQLWURJHQDQGDUJRQZHUHXVHGLQWKHVHWHVWV%RWKUHVXOWHGLQFOHDQZHOGVZKLFKZHUHIUHHIURP
R[LGDWLRQEXWDUJRQVKLHOGHGZHOGVUHVXOWHGLQDQDYHUDJHRIKLJKHUIHUULWHFRQWHQWWKDQZHOGVSURGXFHGLQWKH
VDPHFRQGLWLRQZLWKQLWURJHQJDVVKLHOGLQJ6LPLODUZRUNFDUULHGRXWSUHYLRXVO\RQPPWKLFNJUDGHVKRZHG
VLPLODUGLIIHUHQFHV7KHVHUHVXOWVFRQILUPWKDWWKHUHLVDVLJQLILFDQWDGYDQWDJHLQXVLQJQLWURJHQVKLHOGLQJWRSURPRWH
DXVWHQLWHLQWKHSKDVHEDODQFHLQDJUHHPHQWZLWKILQGLQJVHOVHZKHUH.HVNLWDORHWDO1LWURJHQVKLHOGLQJLV
EHOLHYHG WR FRPSHQVDWH IRU WKH ORVVHV RI QLWURJHQ LQ WKH PHOW SRRO FDXVHG E\ WKH ZHOGLQJ SURFHVV HJ SOXPH
VSDWWHU)RUWKLVUHDVRQQLWURJHQZDVXVHGLQVXEVHTXHQWZRUN
3.3. Process window for full penetration 
$VVWDWHGSUHYLRXVO\WKHYDULDEOHVLQFOXGHGLQWKHWHVWVZHUHZHOGLQJVSHHGPPLQSRZHUN:$W
IRFXVSRVLWLRQWKHSDUDPHWHUVUHTXLUHGIRUIXOOSHQHWUDWLRQDUHDVIROORZV

x $WN:WKHPD[LPXPVSHHGIRUIXOOSHQHWUDWLRQZDVIRXQGWREHEHORZPPLQ
x $PLQLPXPRIN:RISRZHULVUHTXLUHGZLWKDZHOGLQJVSHHGRIWRPPLQIRUIXOOSHQHWUDWLRQDQG
x $WPPLQZHOGLQJVSHHGWKHPLQLPXPSRZHUIRUIXOOSHQHWUDWLRQZDVIRXQGWREHDERYHN:
3.4. Weld profile 
1RZHOGLQJGHIHFWVRUSRURVLW\ZHUHREVHUYHGIROORZLQJWKHUDGLRJUDSKDQGFURVVVHFWLRQPLFURJUDSKVDWî
PDJQLILFDWLRQ'LPHQVLRQPHDVXUHPHQWVIURP%23WHVWVDUHVXPPDUL]HGLQ7DEOHZLWK)LJVKRZLQJZKHUHWKH\
KDYH EHHQ PDGH 7KH VWDQGDUG %6 (1 ,62  ZKLFK SURYLGHV JXLGDQFH RQ WKH TXDOLW\ OHYHOV IRU
LPSHUIHFWLRQVRIVWHHOZHOGHGZLWKHOHFWURQDQGODVHUEHDPVGRHVQRWLQFOXGHLQIRUPDWLRQRQWKHZLGWKRIWKHZHOG
FDSRUWKHZHOGURRWZKLFKLVUHTXLUHGIRUDJRRGZHOGDVZHOGGLPHQVLRQVDUHXVXDOO\GHSHQGHQWRQWKHSDUWLFXODU
DSSOLFDWLRQ+RZHYHULWZDVIRXQGWKDWZHOGLQJDWVSHHGVRIPPLQRUKLJKHUUHVXOWHGLQDQDUURZHUURRWRIOHVV
WKDQPP LQZLGWKZKLFKZDVQRWGHVLUHG IRU WKHZHOGLQJRIQXFOHDUZDVWH FRQWDLQHU:HOG FDSZHUH ODUJHU DW
VORZHUZHOGLQJVSHHGYDU\LQJIURPWRPPLQZLGWKDQGZHOGURRWVZHUHLQDYHUDJHPPQDUURZHU

7DEOH:HOGSURILOHPHDVXUHPHQWV













)LJ0HDVXUHPHQWVVNHWFK
3DUDPHWHUV 'LPHQVLRQVPP 
:HOGLQJ
VSHHG
PPLQ
)RFXV
SRVLWLRQ
PP
&DS ([FHVV
PHWDOFDS
:DLVW 5RRW ([FHVV
PHWDOURRW
      
      
      
      
      
      
      
      
      
      
      
      
([FHVV
PHWDO &DS
:DLVW
([FHVV
PHWDO
5RRW
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7KHPD[LPXP H[FHVV RIPHWDO ZDV IRXQG WR EH PP RQ WKH ZHOG FDS DQG PP LQ WKHZHOG URRW 7KH
VWDQGDUG%6(1,62DOORZVXSWRPPRIZHOGH[FHVVIRU/HYHO%VWULQJHQWTXDOLW\)LJVKRZVD
FURVVVHFWLRQHG PLFURJUDSK RI D IXOO SHQHWUDWLQJ ZHOG 7KH V\PPHWULFDO ZHOG DERXW WKH D[LV RI WKH ODVHU EHDP
VXJJHVWVDVWHDG\IOXLGIORZGXULQJZHOGLQJDQGH[SODLQVWKHDEVHQFHRIKXPSLQJGHIHFWVDWWKHVXUIDFH














)LJ:HOGPDGHDWIRFXVDWN:ZLWKPPLQZHOGLQJVSHHG
7KHIRFXVSRVLWLRQKDGDQLPSDFWPRVWO\RQWKHZHOGFDSZLGWKZLWKDPD[LPXPGLIIHUHQFHRIPPREVHUYHG
EHWZHHQ IRFXVDQG IRFXVDWFRQVWDQW VSHHG<HW WKH UHODWLYHO\ ORZ OHYHORI ODVHUEHDPGLYHUJHQFHFRPSDUHG
ZLWKWKHPDWHULDOWKLFNQHVVOLPLWHGWKHHIIHFWRIWKHIRFXVSRVLWLRQLQWKHWRPPUDQJHRQWKHZDLVWDQGURRW
ZLGWK
3.5. Temperature measurement 
,QWKHVHWHVWVWKHQDUURZKLJKSRZHUODVHUEHDPFRPELQHGZLWKDZHOGLQJVSHHGRIWRPPLQOHGWRYHU\
ORZKHDWLQSXWLHLQWKHUDQJHRIWRN-PPFRPSDUHGWRW\SLFDOYDOXHVRIEHWZHHQDQGN-PPIRU
WKH DUF ZHOGLQJ SURFHVV )LJ  VKRZV WKH PLFURVWUXFWXUH RI WKH QDUURZ +$= IRU D W\SLFDO VDPSOH DW WZR
PDJQLILFDWLRQOHYHOV$VKDUSWUDQVLWLRQLQWHUPVRIFU\VWDOVWUXFWXUHVKDSHDQGVL]HEHWZHHQWKHSDUHQWPDWHULDODQG
WKHZHOGZDVREVHUYHGVXJJHVWLQJDUHODWLYHO\IDVWFRROLQJWLPHGXHWRWKHORZKHDWLQSXW,WDOVRVXJJHVWVWKDWWKHUH
ZDVDYHU\FRQWDLQHGKHDWIORZDWWKHZHOGORFDWLRQ
DE
  
)LJD+$=DW[PDJQLILFDWLRQE+$=DW[PDJQLILFDWLRQ
3DUHQWPDWHULDO :HOG 3DUHQWPDWHULDO :HOG
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
7KHFKDQJHVLQWHPSHUDWXUHDWWKHZHOGFDSZHUHPHDVXUHGGXULQJWKHWHVWV'XHWROLPLWDWLRQVLQWKHHTXLSPHQW
DYDLODEOHLWZDVGLIILFXOWWRREWDLQDEVROXWHWHPSHUDWXUHVDV WKHS\URPHWHURSHUDWHGZLWKDVLQJOHLQIUDUHGVHQVRU
ZKLFKZDVXQDEOH WRFRPSHQVDWH IRUG\QDPLFFKDQJHV LQHPLVVLYLW\EHWZHHQ WKH OLTXLGXVDQGVROLGXVSKDVH7KH
S\URPHWHUZDVQHYHUWKHOHVVDXVHIXOWRROIRUFRPSDULQJTXDOLWDWLYHO\WKHHIIHFWRINH\SDUDPHWHUVFRQVLGHUHGLQWKLV
VWXG\ ,Q DOO PHOWUXQV IDVW FRROLQJ UDWHV H[FHHGLQJ  Σ&V ZHUH PHDVXUHG DQG FRROLQJ UDWHV DSSURDFKLQJ
Σ&VZHUHREVHUYHGZKHQZHOGLQJDWPPLQVSHHG'HFUHDVLQJWKHZHOGVSHHGIURPPPLQWRPPLQ
LQFUHDVHV WKH FRROLQJ WLPH IURP  WR  q& E\  V 7KLV H[WUD WLPH OHG WR DQ DYHUDJH  LQFUHDVH RI
DXVWHQLWH2YHUDOOWKHIDVWFRROLQJUDWHVKLQGHUHGWKHDXVWHQLWHJURZWKUHVXOWLQJLQIHUULWHFRQWHQWH[FHHGLQJWKH
SKDVHEDODQFHXSSHUOLPLW

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






)LJ7\SLFDOVXUIDFHFRROGRZQRIODVHUZHOGHGJUDGHSORWDJDLQVWLVRWKHUPDOSUHFLSLWDWLRQ
)LJ  VKRZV WKH WLPHWHPSHUDWXUHWUDQVIRUPDWLRQ GLDJUDP RI JUDGH  VKRZLQJ WKH W\SLFDO WHPSHUDWXUH
SURILOH PHDVXUHG GXULQJ ODVHU ZHOGLQJ SHUIRUPHG LQ WKLV VWXG\ 7KH IDVW FRROLQJ SUHYHQWV WKH GHWULPHQWDO
SUHFLSLWDWLRQ RI FKL VLJPD DQG FDUELGH SKDVHV *XQQ  $V WKH W\SLFDO FRRO GRZQ RI WKH ZHOG VXUIDFH LV
VLJQLILFDQWO\OHVVWKDQWKHWLPHUHTXLUHGIRUSUHFLSLWDWLRQVWRRFFXUWKHUHLVVFRSHIRULPSURYHPHQWLQWKHSDUDPHWHUV
)RUH[DPSOHXVLQJDKLJKHUODVHUSRZHUVORZHUZHOGLQJVSHHGRUXVLQJEHDPVKDSLQJWHFKQLTXHV$VORZHUFRROLQJ
RIWKHZHOGZRXOGDOORZPRUHWLPHIRUIHUULWHWRWUDQVIRUPLQWRDXVWHQLWHWRDFKLHYHWKHSKDVHEDODQFH
3.6. Phase transformation during laser welding  
0LFURVWUXFWXUHVRIZHOGVZHUHH[DPLQHGXVLQJWKHRSWLFDOPHWDOORJUDSKLFPHWKRG)LJDDQGEVKRZSKDVHV
SUHVHQWLQWKHSDUHQWPDWHULDOSULRUWRZHOGLQJDQGDWWKHZHOGFDSDIWHUZHOGLQJ
DE

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




)LJ0LFURVWUXFWXUHREVHUYDWLRQDW[PDJQLILFDWLRQDWDEDVHPHWDODQGEZHOGFDS

^ŝŐŵĂ
EŝƚƌŝĚĞĂƌďŝĚĞ
Śŝ
ůƉŚĂƉƌŝŵĞ,ĂƌĚŶĞƐƐ dŽƵŐŚŶĞƐƐ
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ϲϬϬ
ϱϬϬ
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ϯϬϬ
ϮϬϬ
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,QRUGHUWRDVVHVVWKHHIIHFWRIWKHWZRSURFHVVSDUDPHWHUVLHZHOGLQJVSHHGDQGIRFXVSRVLWLRQRQWKHUHVXOWLQJ
SKDVHEDODQFHWKH'HVLJQ([SHUWVRIWZDUHZDVXVHGWRJHQHUDWHDGHVLJQHGVHWRIH[SHULPHQWV7DEOHSUHVHQWVWKH
WHVW UHVXOWV LQFOXGLQJ WKHSHUFHQWDJHRI IHUULWH DW WKUHH ORFDWLRQV ZHOG FDSZDLVW DQGZHOG URRW )RU HDFKZHOG
PDQXDOSRLQWFRXQWVRIWKHIHUULWHFRQWHQWDWWKHVHWKUHHORFDWLRQVZHUHHQWHUHGLQWRWKH'HVLJQ([SHUWVRIWZDUHDV
µUHVSRQVH¶$ OLQHDUUHJUHVVLRQPRGHOZDV IRXQG WREHVW ILW WKHH[SHULPHQWDO IHUULWHFRQWHQW UHVXOWVZLWKD
FKDQFHWKDWWKHPRGHOFDQRFFXUGXHWRQRLVH

7DEOH'HVLJQRI([SHULPHQW3URFHVVSDUDPHWHUVDQGIHUULWHFRQWHQW
3URFHVVSDUDPHWHUV )HUULWHFRQWHQW
:HOGLQJ6SHHG
PPLQ
)RFXVSRVLWLRQ
PP
&DS :DLVW 5RRW $YHUDJHIHUULWHDW
WKHORFDWLRQV
6WDQGDUG
GHYLDWLRQ
      
      
      
      
      
      
      
      
      
      
      

$QDQDO\VLVRI WKHYDULDQFHLH$129$DQDO\VLVJDYHIRUHDFKSURFHVVSDUDPHWHU WKHYDOXHRI³3URE)´$
YDOXHOHVVWKDQLQGLFDWHVWKDWWKHSURFHVVSDUDPHWHULVVLJQLILFDQWZKLOHDYDOXHJUHDWHUWKDQLVFRQVLGHUHGWR
EHQHJOLJLEOH,WZDVIRXQGIRUHDFKUHVSRQVHIHUULWHFRQWHQWDWWKHFDSZDLVWDQGURRWWKDW

x 7KHIRFXVSRVLWLRQLVDQLQVLJQLILFDQWIDFWRU³3URE)´!
x 7KHZHOGLQJVSHHGLVDVLJQLILFDQWIDFWRU³3URE)´

7KHZHOGLQJ VSHHG DQG IHUULWH FRQWHQW DUH OLQHDUO\ FRUUHODWHGZLWK KLJKZHOGLQJ VSHHG OHDGLQJ WR KLJK IHUULWH
FRQWHQW)LJVKRZVWKHUHJUHVVLRQPRGHOZLWKWKHHUURULQWHUYDOVKRZQDVWKHGRWWHGOLQHVRIZHOGLQJVSHHGVDQG
WKHUHVXOWLQJIHUULWHFRQWHQW7KLVFRUUHODWLRQLVGXHWRWKHGHFUHDVLQJKHDWLQSXWDQGWKHUHIRUHIDVWHUFRROLQJUDWHDV
WKHZHOGLQJVSHHGLQFUHDVHV
DE


)H
UU
LWH
F
RQ
WH
QW
D
WW
KH
&
DS
























)LJD3UHGLFWHGIHUULWHFRQWHQWIRUZHOGFDSE3UHGLFWHGIHUULWHFRQWHQWIRUZHOGURRW
)H
UU
LWH
F
RQ
WH
QW
D
WW
KH
5
RR
W

























6SHHGPPLQ

6SHHGPPLQ
 M. Bolut et al. /  Physics Procedia  83 ( 2016 )  417 – 425 425

7KHIHUULWHFRQWHQWZDVIRXQGWREHKLJKH[FHHGLQJWKHXSSHUOLPLWRILQPRVWFDVHV7KHSURFHVVZLQGRZ
SUHGLFWHGIRUDFKLHYLQJIHUULWHFRQWHQWEHORZDWWKHFDSPLGGOHDQGURRWLVLQGHSHQGHQWRIWKHIRFXVSRVLWLRQ
IURPWRPPEXWUHTXLUHGWRDZHOGLQJVSHHGEHORZPPLQWRLQFUHDVHWKHKHDWLQSXW
&RQFOXVLRQV
7KLV SDSHU GHVFULEHG D VHULHV RI ODVHU EHDPZHOGLQJ WHVWV RQ'66JUDGH ZLWK D WKLFNQHVV RI PP7KH
SURFHVVSDUDPHWHUVVWXGLHGZHUHSRZHUZHOGVSHHGFKRLFHRIVKLHOGLQJJDVDQGIRFXVSRVLWLRQ7KHVHZHUHYDULHG
LQRUGHU WRXQGHUVWDQG WKHLU LQIOXHQFHRQ WKHZHOGTXDOLW\7KHPDLQFRQFOXVLRQV IURP WKLV VWXG\DUH VXPPDUL]HG
EHORZ
x *UDGHZDVIRXQGWRKDYHDJRRGZHOGDELOLW\XVLQJDILEUHODVHU7KHUHZHUHQRYLVLEOHFUDFNVSRURVLW\RU
RWKHUZHOGGHIHFWVREVHUYHGXVLQJ[UD\UDGLRJUDSK\DQGRSWLFDOPLFURVFRSHXSWRîPDJQLILFDWLRQ
x $VDUHVXOWRIWKHORZGLYHUJHQFHRIWKHODVHUEHDPFRPSDUHGWRWKHWKLFNQHVVRIWKHPDWHULDO5D\OHLJKUDQJHRI
PPLWZDVIRXQGWKDWWKHIRFXVSRVLWLRQKDGDQHJOLJLEOHLPSDFWRQWKHSKDVHFRQWHQW
x ,QFRPSDULVRQZLWKDUJRQVKLHOGLQJXVLQJQLWURJHQJDVZDVIRXQGWRSURPRWHWKHJURZWKRIDXVWHQLWHSKDVHE\
RQDYHUDJH
x ,QFUHDVLQJ WKHKHDW LQSXWE\ UHGXFLQJ WKHZHOGLQJVSHHG IURP WRPPLQH[WHQGHG WKHFRROGRZQDW WKH
PDWHULDOVXUIDFHE\V7KLVOHDGWRDQLQFUHDVHRIDURXQGDXVWHQLWHDWWKHZHOGORFDWLRQ
x 7KHSURFHVVSDUDPHWHUVFRQVLGHUHGLQWKLVVWXG\ZHUHXQDEOHWRSURGXFHZHOGVWKDWFRQWDLQHGIHUULWHSKDVHOHVV
WKDQWKHXSSHUDFFHSWDEOHOLPLWRI+LJKHUKHDWLQSXWHJXVLQJVORZHUZHOGLQJVSHHGVZRXOGEHUHTXLUHG
WR H[WHQG WKHFRROLQJ WLPH LQRUGHU WR DFKLHYHKLJKHU DXVWHQLWH FRQWHQW LQ WKHZHOG$ZHOGLQJ VSHHGRI OHVV
WKDQPPLQKRZHYHULVQRWSUHIHUUHGIRUWKHLQWHQGHGDSSOLFDWLRQQXFOHDUZDVWHFRQWDLQHUPDQXIDFWXULQJ
)XUWKHUZRUN
7KHZRUNGHVFULEHGLQWKLVSDSHULVSDUWRIDQRQJRLQJWHVWSURJUDPPH)XUWKHUZRUNLVQHFHVVDU\WRLQYHVWLJDWH
DOWHUQDWLYH QRQFRQYHQWLRQDO ZHOGLQJ DSSURDFKHV WR DFKLHYH SKDVH EDODQFHZLWKRXW ILOOHU:RUN LQFOXGLQJ EHDP
VKDSLQJDQGPXOWLSOHEHDPFRQILJXUDWLRQVLVFXUUHQWO\RQJRLQJ
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IRUVXSSO\LQJWKH'66VDPSOHVXVHGLQWKLVZRUN
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